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Abstract. We discuss the physics potential of the fxp coUider; especiaUy, leptoquarks, 
leptogluons, i?-parity violating squarks, contact interactions, and large extra dimen- 
sions. We calculate the sensitivity reach for these new physics at /ip colliders of various 
energies and luminosities. 
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r4 INTRODUCTION 
T— I 

§ ! The R&D [1,2] of the muon colhder is well underway. The First Muon Collider 

O \ (FMC) will have a 200 GeV muon beam on a 200 GeV anti-muon beam, which 

^ ' could possibly be at the Fermilab [2]. With the existing Tevatron proton beam 

the muon-proton collision becomes a possible option. It would be a 200 GeV ® 1 
Qh! TeV lip collider. The existing lepton-proton collider is the ep collider at HERA. 

^ \ Lepton-proton colliders have been proved to be successful by the physics results 

from HERA. In this work, we shall discuss the physics potential of the /xp colliders 



at various energies and luminosities. Other /ip colliders that we consider in this 
study are summarized in Table 1. The nominal yearly luminosity of the 200 GeV 
ci\ (g) 1 TeV lip collider is about 13 fb^^. Luminosities for other designs are roughly 

scaled by one quarter power of the muon beam energy and given in Table 1. 
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PHYSICS POTENTIAL 

The physics opportunities of /xp colliders are similar to those of ep colliders, but 
the sensitivity reach might be very different, which depends on how precise the 
particles can be identified and measured in ep and /ip environments. Similar to 
ep colliders the proton structure functions can be measured to very large Q"^ and 
small X in /ip colliders of higher energies. At the 200 GeV ® 1 TeV /ip collider the 
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TABLE 1. The center-of-mass energies ^/s and luminosities C for various designs of 
muon-proton colliders. 



V^(GcV) £ (fb~^) 

30GeV O 820GeV 314 0.1 

50GcV ® ITcV 447 2 

200GeV ® ITeV 894 13 

ITeVOlTeV 2000 110 

2TeV 3TeV 4899 280 



can be measured up to 10^ GeV^. In addition, QCD studies, search for super- 
symmetry and other exotic particles can also be carried out. Here we concentrate 
on leptoquarks, leptogluons, i?-parity violating squarks, ii-q contact interactions, 
and the large extra dimensions. The goal here is to estimate the sensitivity reach 
for these new physics at various energies and luminosities. 



Leptoquarks and Leptogluons 

The second generation leptoquarks made up of a muon and a charm or strange 
quark are particularly interesting at the iip collider because they can be directly 
produced in the s-channel processes, /i'^c(s) — > L^^ (L^s)- It is conventional to as- 
sume no inter-generational mixing in order to prevent the dangerous flavor-changing 
neutral currents. The production cross section of the leptoquark in /ip collisions is 

ttA^ 

a^ — q{x,Q')x{J + l), (1) 

where A is the coupling constant and J is the spin of the leptoquark. 

On the other hand, a leptogluon has a spin of either 1/2 or 3/2, a lepton quantum 
number (in this case it is the muon), and a color quantum number (the same as 
gluon.) The interaction for a spin 1/2 leptogluon is given by 

^ = ds^L^g^^^y + h.C. , (2) 

where A^^ is the scale that determines the strength of the interaction. The lep- 
togluon can also be produced in the s-channel and the production cross section 
is 

All' as (Ml 



A2 



g{x,Q'), (3) 



where g{x, Q^) is the gluon luminosity. 

The i?-parity violating squarks can be considered special scalar leptoquarks that 
are the SUSY partners of quarks. The cross section for /x+p ti is given by 
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where d is the down-quark luminosity. The above formula can be easily modified to 
the production of other squarks with the corresponding subscripts in A' and parton 
functions. 

If kinematically allowed the leptoquarks, leptogluons, and the i?-parity violat- 
ing squarks are produced in the s-channel and thus give rise to a spectacular en- 
hancement in a single bin of the invariant mass M distribution or the x — M^/s 
distribution. 



Contact Interactions 



The effective four-fermion contact interactions can arise from fermion compos- 
iteness or exchanges of heavy particles like heavy Z', heavy leptoquarks, or other 
exotic particles. The conventional Lagrangian for llqq {I — e, /i) contact interactions 
has the form [3] 



LnC = Yll^LL (iLl^ilL) {QlYcIl) +VRR {iRlu.h) {QrYcIr) 

+ Vlr {IlIhIl) {IrY^r) + Vrl {Ir1,jIr) (WI^Ql) 



(5) 



where rjl^p = e47r/A^^ . We introduce the reduced amplitudes M^^, where the 
subscripts label the chiralities of the initial lepton (a) and quark (/?). The SM 
tree-level reduced amplitudes for /iq — > iiq are 



e'Qn 



+ 



sin cos^ O^i — ml 



a, (3 = L, R 



(6) 



The new physics contributions to M^^ from the n^qq contact interactions are 
A.Ml^p = r]'^p. The differential cross sections are given by [3] 
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Model of extra dimensions 



Arkani-Hamed, Dimopoulos and Dvali [4] proposed that in the extra dimensions 
gravity is free to propagate while the SM particles are restricted to a 3-D-brane. 
The size of the extra dimensions is postulated to be as large as mm to solve the 
hierarchy problem by bringing the effective Planck scale Ms down to TeV. It implies 
a new gravity interaction for the graviton in the bulk. In our 3 + 1 dimensional 
point of view, the graviton behaves as a tower of closely-spaced Kaluza-Klein states. 
Each state still couples to the SM particles with a normal gravitational strength of 
order of 1/Mpi but, however, there are a huge number of such states. Collectively, 
the overall coupling strength becomes of order of I/M5. In the presence of the new 
interaction the double differential cross section is given by [5]. 

(Pa{iJ,'^p) sx 



dxdy 
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+y {sxf (^-^ j (32 - My + 42y' - lOj,' + y") 
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(9) 



Unlike the leptoquarks, the contact interactions and the extra dimensions do not 
enhance the cross section in a single invariant mass bin, instead, they enhance the 
cross section at large Q'^. 



SENSITIVITY REACH 

The 95% sensitivity reach on the contact interactions and extra dimensions are 
calculated as follows. We use the the 2-dimensional x-y distribution to calculate 
the sensitivity to these new interactions, so as to maximize the sensitivity [6]. We 
divide the x-y plane (0.05 < x < 0.95 and 0.05 < y < 0.95) into a grid. We 
calculate the number of events predicted by the standard model in each bin with 
an efficiency of 0.8. We then follow the Monte Carlo approach in Ref. [6]. 

The sensitivity reach on the contact interaction scales A^^ is tabulated in Table 2. 
The maximum reach of A at each center-of-mass energy roughly scales as A ~ 40 y^. 
The effect of luminosity on A is rather small: A only scales as the 1 / 4th power of 



TABLE 2. The 95% sensitivity reach on A^^, {a, (3 = L, R; q = u,d) at various /^^(/x )p 
coUiders. 





30GcV ® 820GcV 


50GcV c 


E) ITcV 


200GcV ® ITcV 


ITcVc 


E) ITcV 


2TcVC 


3 3TeV 


y/S{(jC\ ) 




314 




447 




894 


2000 


4899 


L {VO ) 




0.1 




2 






13 


110 


280 
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K LtU 


3.4 


3.4 


9.6 




9.1 


22.8 


21.5 


57.4 


56.3 


112.7 


109.7 




4.7 


4.2 


11.4 




10.7 


24.0 


23.1 


58.9 


55.8 


115.2 


105.6 




4.4 


3.4 


9.7 




8.8 


19.2 


16.8 


43.8 


38.1 


86.0 


64.9 


A /!« 


3.2 


3.0 


9.0 




7.9 


20.1 


18.8 


48.6 


49.3 


98.7 


92.3 


Af, 






7.0 




7.0 


17.3 


18.0 


45.0 


48.3 


88.9 


96.1 


Af^ 


1.9 


2.9 


5.1 




6.5 


11.1 


13.5 


26.8 


31.9 


46.7 


63.4 


A^l 


2.1 


2.2 


4.7 




3.8 


11.4 


6.9 


30.4 


22.8 


64.0 


45.5 


Kh 


1.4 


2.3 


5.0 




5.7 


12.0 


13.1 


31.4 


32.1 


58.2 


65.5 


Ayy 


6.5 


6.1 


16.6 




15.5 


35.2 


34.0 


85.4 


84.9 


166.8 


161.9 


Aaa 


2.8 


5.0 


10.6 




11.8 


22.6 


25.8 


58.6 


62.3 


109.4 


125.0 
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5.2 


5.0 


13.2 




12.9 


29.6 


29.6 


76.9 


72.9 


147.6 


144.8 




3.1 


2.7 


7.1 




6.9 


14.3 


13.9 


34.4 


31.2 


64.9 


58.9 


^^RL 


3.0 


2.5 


6.7 




6.1 


12.3 


11.6 


26.9 


22.5 


50.6 


39.7 


A M« 
^^RR 


4.8 


4.5 


12.0 




11.3 


26.0 


25.5 


65.5 


63.2 


128.5 


121.7 


Ki 


2.9 


3.4 


8.2 




8.5 


19.3 


20.5 


50.0 


53.3 


101.1 


102.4 


Kr 


1.6 


2.2 


4.2 




4.7 


8.8 


9.6 


19.4 


22.9 


38.6 


44.6 


K'l 


1.6 


1.9 


3.8 




3.3 


7.1 


4.9 


20.5 


14.3 


45.7 


37.7 


Kr 


2.1 


2.8 


6.0 




6.6 


13.4 


14.6 


33.3 


37.0 


64.3 


71.7 


Aw 


6.5 


6.4 


16.4 




15.6 


35.7 


34.4 


87.7 


85.9 


173.7 


1G2.9 


Aaa 


5.4 


1.8 


13.2 




12.3 


29.2 


27.6 


73.5 


69.7 


142.9 


135.7 



the luminosity. The sensitivity reach on the effective Planck scale Ms for the model 
of large extra dimensions is tabulated in Table 3. 

To estimate the sensitivity reach for i?-parity violating squarks, leptoquarks and 
leptogluons with a mass m, we assume the enhancement in cross section is in the 
mass bin of (0.9m, 1.1m). We calculate the number of events predicted by the 
standard model in this bin with an efficiency of 0.8, call it rf^. Then we use the 
poisson statistics to estimate the n^^ that can fluctuate to at the 95% CL. 
Once the n^^ is obtained the coupling constant A or the leptogluon scale A^g can 
be determined. These results are tabulated in Tables 4 to 6. 
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TABLE 3. The 95% sensitivity reach on 77 = T IM\ and the corresponding 

7\/s' for ;) = 3 — (i at various )j> collidcrK. 



^J■ p 





30GeV® 


50GcV® 


200GeV(» 


ITcV® 


2TeV(^ 




ozUt^c V 


i ic V 


1 ie V 


i ic V 


ic V 


y s(^ljre V ) 


Q1 /I 


44 / 


oy4 


onnn 
Zuuu 


A GOO 


L (tb ) 


U.i 









ZoU 


T] (TeV-^) 


2.24 


1.69 • 10-1 


9.35 • 10-3 


3.01 • 10-^ 


1.38 • 10-5 


Ms (TeV) 












n = 3 


0.97 


1.86 


3.82 


9.03 


19.5 


n = 4 


0.82 


1.56 


3.22 


7.59 


16.4 


n = 5 


0.74 


1.41 


2.91 


6.86 


14.8 


n = 6 


0.69 


1.31 


2.70 


6.38 


13.8 








~P 






ri (TeV-4) 


2.14 


1.72- 10-1 


8.95-10-3 


2.99- 10-^ 


1.38-10-5 


Ms (TeV) 












n = 3 


0.98 


1.85 


3.87 


9.05 


19.5 


n = 4 


0.83 


1.55 


3.25 


7.61 


16.4 


n = 5 


0.75 


1.40 


2.94 


6.87 


14.8 


n = 6 


0.70 


1.31 


2.73 


6.40 


13.8 



TABLE 4. 95% sensitivity reach on A231 (A213) for a few choices of mj^ (™6k) various /x+p 
(/i-p) colliders. The subprocess is /i+d — > (/x-u bR). 





30GcV® 


50GcV® 


200GcV® 


lTcV(» 


2TcV® 




820GeV 


ITeV 


IToV 


IToV 


3TcV 


V^(GeV) 


314 


447 


894 


2000 


4899 


£(fb-') 


0.1 


2 


13 


110 


280 


"^t.,B« (GeV) 












200 


0.014 (0.0097) 


0.0043 (0.0036) 


0.0025 (0.0023) 


0.0015 (0.0014) 


0.0010 (0.0010) 


300 


00 (0.23) 


0.0091 (0.0062) 


0.0031 (0.0028) 


0.0019 (0.0018) 


0.0014 (0.0014) 


400 




0.062 (0.029) 


0.0039 (0.0034) 


0.0021 (0.0020) 


0.0017 (0.0016) 


500 






0.0054 (0.0042) 


0.0024 (0.0022) 


0.0019 (0.0019) 


600 






0.0083 (0.0057) 


0.0026 (0.0024) 


0.0021 (0.0020) 


700 






0.016 (0.0095) 


0.0029 (0.0026) 


0.0023 (0.0022) 


800 






0.067 (0.027) 


0.0032 (0.0028) 


0.0025 (0.0023) 


900 








0.0036 (0.0031) 


0.0026 (0.0024) 


1000 








0.0041 (0.0034) 


0.0027 (0.0026) 


1500 








0.012 (0.0071) 


0.0033 (0.0030) 


2000 










0.0041 (0.0036) 


2500 










0.0053 (0.0043) 


3000 










0.0075 (0.0055) 


3500 










0.012 (0.0078) 


4000 










0.027 (0.014) 


4500 










0.12 (0.052) 



TABLE 5. 95% sensitivity reach on A° for a few choices of rriLO j^i at various /i p 

colliders. The sul)i)ro(:(^ss is /(^(r. .sj L" 





30GeV(8) 


5OGeV0 


200GeV(g) 


ITeVO 


2TeV(g) 




820GeV 


ITcV 


ITeV 


ITeV 


3TeV 


V^(GeV) 


314 


447 


894 


2000 


4899 


£(fb-') 


0.1 


2 


13 


110 


280 
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00*^0 ((\ 0097'! 

U.UUOU I U.UUZi 1 J 


900 


! 
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0.014 (0.011) 


0.0035 (0.0030) 


1000 


- 


- 


- 


0.019 (0.014) 


0.0040 (0.0034) 


1500 


- 


- 


- 


0.10 (0.090) 


0.0076 (0.0061) 


2000 


- 


- 


- 


- 


0.014 (0.011) 


2500 


- 


- 


- 


- 


0.026 (0.019) 


3000 


- 


- 


- 


- 


0.049 (0.038) 


3500 


- 


- 


- 


- 


0.10 (0.084) 


4000 


- 


- 


- 


- 


0.22 (0.22) 


4500 


- 


- 


- 


- 


0.57 (0.57) 








c(s) 1,1 




















U.UDO (^U.UOi ) 


U.Ui/ ^U.UUo ( J 


u.uuzy ^u.uu/4j 


n nni n ff\ nnno\ 

u.uuiu (^u.uuuyj 


n nnn^? {c\ nnnp;^ 
U.UUUo {^U.UUUoJ 


oUU 


1.0 (i.D j 
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U.ii (U.U9oj 
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U.UUOD (U.0043^ 
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u.z / (^u.z / ) 


U.UU ( ^U.UUO / J 


n nnoi {c\ nn10^ 
U.UUZi (^u.UUiyj 


900 








0.010 (0.0076) 


0.0025 (0.0021) 


1000 








0.014 (0.010) 


0.0029 (0.0024) 


1500 








0.074 (0.063) 


0.0054 (0.0043) 


2000 










0.0099 (0.0075) 


2500 










0.018 (0.014) 


3000 










0.035 (0.027) 


3500 










0.072 (0.059) 


4000 










0.16 (0.15) 


4500 










0.40 (0.40) 
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TABLE 6. 95% sensitivity reach on A^g for a few choices of m/,^,^^ at various fj, p colhders. 

TIk" sul)i)r(X'(~ss is fi^ij — > -^//y 





30GeV O 820GeV 


50GeV ITeV 


200GeV ITeV 


ITeV ITeV 


2TeV 3TeV 


x/5(GcV) 


314 


447 


894 


2000 


4899 


£(fb-') 


0.1 


2 


13 


110 


280 


M 9^ L^g {Ai_^g) in TeV 


mro (GeV) 












200 


1.9 


4.3 


8.5 


14.4 


19.5 


300 


0.2 


3.3 


9.0 


17.0 


23.9 


400 




1.2 


8.6 


18.6 


27.4 


500 






7.8 


19.6 


30.4 


600 






6.5 


20.1 


32.8 


700 






4.7 


20.2 


35.0 


800 






2.3 


20.0 


36.7 


900 








19.5 


38.2 


1000 








18.7 


39.4 


1500 








11.9 


42.4 


2000 










41.8 


2500 










38.8 


3000 










34.0 


3500 










27.2 


4000 










18.3 


4500 










7.7 
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